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ABSTRACT
Using data from SDSS, UKIDSS, and WISE, we investigate the properties of the high-frequency cutoff to the infrared emission
in �5000 carefully selected luminous (Lbol ∼ 1047) type 1 quasars. The strength of �2μm emission, corresponding to emission
from the hottest (T > 1200 K) dust in the sublimation zone surrounding the central continuum source, is observed to correlate
with the blueshift of the C IV λ1550 emission line. We therefore find that objects with stronger signatures of nuclear outflows tend
to have a larger covering fraction of sublimation-temperature dust. When controlling for the observed outflow strength, the hot
dust covering fraction does not vary significantly across our sample as a function of luminosity, black hole mass, or Eddington
fraction. The correlation between the hot dust and the C IV line blueshifts, together with the lack of correlation between the hot
dust and other parameters, therefore provides evidence of a link between the properties of the broad emission line region and
the infrared-emitting dusty regions in quasars.

Key words: galaxies: evolution – galaxies: kinematics and dynamics – quasars: emission lines – quasars: general.

1 IN T RO D U C T I O N

It has been known for decades that quasars, and other AGN, show an
excess of emission in the rest-frame near-infrared at ∼1–3μm. This
emission is attributed to dust that has been heated to its sublimation
temperature by the central continuum source (Rees et al. 1969; Rieke
1978; Barvainis 1987). Interferometric observations (Kishimoto et al.
2009, 2011; Gravity Collaboration et al. 2020) confirm that the
emission from the shortest-wavelength components of the near-
infrared excess is located close in to the central continuum source,
while reverberation mapping (RM) studies have shown that the hot
dust is located just outside the broad emission line region (BLR),
perhaps even setting the outer limit of that region (Suganuma et al.
2006; Goad, Korista & Ruff 2012; Landt et al. 2019; Minezaki et al.
2019).

The sublimation temperature of astrophysical dust in AGN is
largely set by its composition, with little change expected for
physically reasonable variations in the shape of the ionizing spectral
energy distribution (SED) or the size of the dust grains: pure silicate
dust sublimates at temperatures around 1300–1500 K, and pure
graphite dust at 1800–2000 K. This narrow temperature range allows
a prediction to be made for the sublimation radius, which is larger
than light-travel distance corresponding to the hot dust time lag
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found from RM. These shorter-than-expected time lags suggest that
the hot dust is located above the plane of the accretion disc, leading
to a geometric foreshortening effect (e.g. Goad et al. 2012, fig. 1;
Figaredo et al. 2020, fig. 14).

Over the past three decades, several authors have proposed models
which use disc-driven winds to account for the dusty toroidal
structures which obscure the inner regions of AGN from certain
viewing angles (e.g. Konigl & Kartje 1994; Hönig 2019). More
recently, models have been proposed which link these winds, or
more specifically, associate the failed parts of these winds, with
the BLR (Czerny & Hryniewicz 2011; Czerny et al. 2017; Baskin
& Laor 2018). These models predict that the properties of the
broad line region and the dust emitting regions should be related,
however, observational studies to probe such links are somewhat
small in number. One such study is that of Wang et al. (2013),
who found that the rest-frame near-infrared colours in a sample
of �4700 quasars from the fifth data release of the Sloan Digital
Sky Survey (SDSS) were correlated with the properties of the C IV

λ1550 emission line. More specifically, they found that objects with
broader and bluer C IV emission lines tend to show brighter emission
at ≈3μm in the 2012 All-Sky Data Release from WISE, and that
the strength of this correlation increases with increasing Eddington
ratio.

Since 2013, the reactivated NEOWISE project has continued to
scan the sky, leading to a large increase in the total amount of data
gathered in the 3.4 (W1) and 4.6μm (W2) bands. The unWISE coadds
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presented by Meisner et al. (2019) make use of ten full-sky mappings
in W1 and W2, compared to the single mapping used to construct the
2012 WISE All-Sky Data Release, with a corresponding decrease
in the noise associated with each photometric measurement. At the
same time, the SDSS has continued to identify new objects: the
fourteenth data release includes some 526 356 quasars, compared
to the 77 429 from the fifth data release. This increase in sample
size allows the hot dust properties to be quantified in a much larger
number of quasars, and for the dependence of these parameters on the
emission line properties and the Eddington fraction to be explored
simultaneously. Recent work by Rankine et al. (2020) has developed
an improved scheme for masking absorption features within the
SDSS spectra, leading to an improved determination of the emission
line properties in each object. In particular, the reported blueshift
of the C IV emission line is now a more robust measurement of the
strength of emission from outflowing gas.

The primary aim of this investigation is to quantify the properties
of the high-frequency cutoff to the dust emission in luminous quasars,
corresponding to emission from the hottest temperature dust, and to
compare to the outflow signatures seen in the high ionization broad
emission lines. The rest-frame near-, mid-, and far-infrared (FIR)
emission in quasars is due to several dust components at multiple
temperatures: within the type-1 quasar population, there exists a
diversity of emission at λ > 3μm, with the cooler dust emission (at
longer wavelengths) not necessarily correlating with the hottest dust
emission. These cooler components can be due to emission from
dust at larger radii where the equilibrium temperature of the AGN-
illuminated material is lower, and or due to dust in the host galaxy
which has been heated by young stars. For this reason, we restrict
this investigation to emission at rest-frame wavelengths shorter than
3μm, where the emitting dust has temperatures T � 1200 K and
must therefore be located near the inner regions of the AGN and
heated by the ultraviolet (UV)–optical continuum from the central
engine.

The structure of this paper is as follows. In Section 2, we describe
the data from SDSS, UKIDSS, and WISE used in this work. From
these surveys, we construct a sample of ≈12 000 quasars at redshift
z ≈ 2 with photometric data covering the rest-frame 0.1–3μm range.
Our method for quantifying the hot dust properties of this sample is
described in Section 3. We compare the hot dust properties to the
UV emission line properties in Section 4 and discuss our results in
Section 5. We assume a flat �CDM cosmology with �m = 0.27, ��

= 0.73, and H0 = 71 km s−1 Mpc−1. All emission lines are identified
with their wavelengths in vacuum in units of Ångströms. The rest-
frame monochromatic quasar luminosity at 3000 Å (hereafter L3000)
is used as a measure of the strength of the UV continuum. Following
Shen et al. (2011), we use the constant bolometric correction Lbol =
5.15 × L3000 to estimate Eddington ratios, derived from the composite
SED in Richards et al. (2006).

2 DATA

All the quasars used in this work are drawn from the Sloan Digital
Sky Survey (SDSS) fourteenth data release (DR14) quasar catalogue,
the selection of which is summarized in Pâris et al. (2018). Some of
these quasars were selected in part based on their mid-infrared WISE
fluxes, and we show in Appendix A that our results are not biased by
the inclusion of these objects.

The spectroscopic and photometric data from SDSS together with
photometric data from infrared sky surveys employed are described
below, and summarized in Table 1.

Table 1. The number of quasars remaining at each stage of the cross-
matching of catalogues described in Section 2.1, and construction of the
three samples used in Sections 3.3, 3.4, and Appendix D.

Number of
quasars

Section 2.1 SDSS DR14 quasar catalogue 526 356
matched to unWISE 452 315

matched to UKIDSS-LAS 105 017

Section 3.3 1.2 < z < 1.5 6910
Y < 18.1 and confident point sources 1248

detected in grizYJKW12 1213

Section 3.4 1.2 < z < 2.0 18 303
Y < 19.3 13 327

detected in grizYJKW12 12 294
C IV line information 5022

Appendix D 2.75 < z < 3.25 and AllWISE 4768
Y < 18.3 837

detected in rizYJHKW123 701

2.1 Photometric data

We use griz point-spread-function magnitudes from the SDSS quasar
catalogues (Schneider et al. 2010; Pâris et al. 2018). Above z ≈ 1.5,
the u band flux is affected by absorption from neutral hydrogen in the
intergalactic medium (IGM), which dramatically reduces the amount
of flux at wavelengths shorter than that of Ly α, and we exclude the u
band from this work. The SDSS DR14 quasar catalogue (Pâris et al.
2018) has spectra for 526 356 quasars in the redshift range 0 < z < 5.

We start by cross-matching the Pâris et al. (2018) catalogue to mid-
infrared WISE data (Wright et al. 2010); specifically the unWISE
catalogue presented by Schlafly, Meisner & Green (2019), who use
the Meisner et al. (2019) coadds. unWISE has ≈0.7 mag deeper
coverage in W1 and W2 compared to AllWISE, corresponding to
additional data from the reactivation of NEOWISE. We match the
SDSS DR14 quasar catalogue to unWISE using a 3.0 arcsec matching
radius and keep only sources with a unique match within that radius.
unWISE models the W1 and W2 pixels separately, and to reduce
the number of contaminants, we keep only sources where there is
a detection in both W1 and W2. We find 452 315 unWISE sources
match to quasars from SDSS DR14. 452 199 of these matches have
signal-to-noise ratio (S/N) greater than 5 in both W1 and W2. In
Appendix B, we show that our results are unchanged when instead
using AllWISE as the source of WISE data.

We then cross-match the SDSS DR14 quasar catalogue to the
tenth data release of the UKIDSS Large Area Survey (UKIDSS-LAS
DR10; Lawrence et al. 2007). We use ‘apermag3’ values, which are
the default point-source 2.0 arcsec diameter aperture corrected mag-
nitudes. The UKIDSS-LAS covers approximately three-tenths of the
SDSS footprint in the near-infrared YJHK bands. We match 116 370
quasars from SDSS DR14 to unique sources within 1.0 arcsec in the
UKIDSS-LAS DR10 catalogue. The number of detections is slightly
larger than given by Pâris et al. (2018), who use a force-photometry
method, and we believe the improvement is due to our use of more
recent data from UKIDSS. Of the 452 315 SDSS quasars which
we match to unWISE, 105 017 are also matched to the UKIDSS-
LAS. Restricting our sample to the UKIDSS footprint reduces the
number of objects in our sample by some seven-tenths, however, the
inclusion of the K band in particular allows us to better constrain the
flux emitted from each object at wavelengths just short of 1μm in
their rest frame, and hence identify how much of the flux at λ > 1μm
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Table 2. Passband attenuations Aλ/E(B − V) for
grizYJHK-filters adopting the RV = 3.1 Galactic redden-
ing law from Fitzpatrick & Massa (2009) and a z = 2.0
quasar SED.

Filter Aλ/E(B − V)

SDSS g 3.80
SDSS r 2.58
SDSS i 1.92
SDSS z 1.42
UKIDSS Y 1.12
UKIDSS J 0.80
UKIDSS H 0.52
UKIDSS K 0.33

is due to the tail of the quasar UV–optical continuum, and therefore
not due to hot dust.

We quote all infrared magnitudes on the Vega system, which is the
native magnitude system for UKIDSS and WISE. Optical magnitudes
are given on the SDSS system.

2.1.1 Galactic extinction

We correct the grizYJHK photometric bands for Galactic extinction
using the improved dust maps of Schlafly et al. (2010) and Schlafly
& Finkbeiner (2011). Such extinctions are typically of the order E(B
− V) < 0.1, as most quasars in the SDSS footprint lie outside the
Galactic plane.

Commonly quoted passband attenuations are correct only for
sources with SEDs similar to that of a elliptical galaxy at low-
redshift and we derive our own passband attenuations using a z = 2.0
quasar source SED, assuming RV = 3.1 and the Galactic extinction
curve of Fitzpatrick & Massa (2009). A type-1 quasar SED is bluer
than a typical stellar or galaxy SED, leading to subtle differences in
the conversion from E(B − V) to the attenuation in each observed
passband. The conversions we use are given in Table 2. Using source
quasar SEDs in the range 1.5 ≤ z ≤ 2.5 alters these values by no
more than 1.5 per cent. The attenuation due to dust in the WISE
bands is found to be negligible for the extinctions we consider and
no correction for Galactic extinction is applied to these data.

2.2 Spectroscopic data

For objects included in the Schneider et al. (2010) DR7 quasar
catalogue, emission-line measurements are made using spectra (Wild
& Hewett 2010) processed using the improved sky subtraction of
Wild & Hewett (2005). For quasars identified after SDSS DR7,
emission-line measurements are derived from the spectra presented
in Pâris et al. (2018).

2.2.1 C IV line measurements

C IV λ1550 is a high ionization line (64 eV), where the line profile
is often skewed with an excess of emission in the blue wing. This
asymmetry is believed to be due to outflowing material moving along
the line of sight towards the observer, possibly in some wind driven
off the accretion disc. Blue excesses can skew the location of the
median line flux by up to ≈5000 km s−1 relative to the systemic
redshift (Richards et al. 2011).

However, the C IV emission line is often contaminated by ab-
sorption features and so we calculate emission-line properties using

the spectral reconstructions presented by Rankine et al. (2020).
Briefly, these reconstructions use the known correlation between the
morphology of the ‘C III]’ λ1909-emission complex and the blueshift
of C IV to place priors on the weights of linear spectral components
derived from a mean field independent component analysis of quasars
which do not have any absorption features. These components are fit
to the unabsorbed pixels in each quasar spectrum, where absorbed
pixels are identified and masked in an iterative fashion until the
fit converges and no unmasked pixel is more than 2σ below the
reconstruction. The reconstructions essentially provide a higher S/N
version of each spectrum, with both broad and narrow absorption
features masked to allow a more robust measurement of the emission
line properties.

We use the C IV line properties measured by Rankine et al. (2020),
who follow the prescription described by Coatman et al. (2016, 2017).
A power law in flux is defined using the wavelength windows 1445–
1465 and 1700–1705 Å, and subtracted from the spectrum over 1500–
1600 Å. The line ‘blueshift’ is then defined as the Doppler shift of
the line centroid relative to the rest-frame wavelength of the emission
line at the systemic redshift

CIV blueshift ≡ c × (λrest − λmedian)/λrest, (1)

where λrest = 1549.48 Å is the rest-frame wavelength of the C IV

doublet1 and λmedian is the wavelength bisecting the total continuum-
subtracted line flux. The C IV blueshift is effectively a measure of
the balance of ‘wind’ to ‘core’ emission in a model where C IV is
emitted from clouds of gas which are either outflowing in a wind or
located at the systemic redshift.

We exclude all objects which show broad low-ionization ab-
sorption features (LoBALs), leaving 141 488 quasars with C IV

information in the redshift range 1.56 < z < 3.50.

2.2.2 Systemic redshifts

We calculate systemic redshifts using a mean-field independent
component analysis scheme (Allen & Hewett, in preparation) with
the redshift as a free parameter. This scheme excludes the C IV

emission line from the analysis to avoid biasing the systemic redshifts
with information from skewed emission lines. These redshifts are the
same as those presented in Rankine et al. (2020) for those quasars
which have C IV line measurements.

2.2.3 Black hole masses

The asymmetry in C IV emission shows that at least some of the
emitting gas is not virialized and deriving unbiased black hole masses
from C IV is not straightforward (Coatman et al. 2017). We instead
use the Mg II λ2800 emission line to estimate black hole masses.

Black-hole masses are estimated using the full width at half-
maximum (FWHM) of the Mg II line and the single-epoch virial
estimator described by Vestergaard & Osmer (2009), having sub-
tracted Fe II emission using the template of Vestergaard & Wilkes
(2001)

MBH = 106.86

(
FWHM(MgII)

1000 km s−1

)2 (
L3000

1044 erg s−1

)0.5

M�. (2)

Eddington ratios are calculated assuming Lbol = 5.15 × L3000. In
Section 5.3 we discuss the assumption of a constant bolometric

1Assuming equal contributions in emission from both components.
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Figure 1. An example of our quasar model with z = 2.0, E(B − V) = 0.0, L3000 = 1046 erg s−1 , and L2μm,HD/L2μm,QSO = 4. We quantify the near-infrared
excess in the best-fitting model for each object in our sample using the ratio of the luminosities at 2μm in the rest frame (dashed red line) of the hot dust
blackbody (dotted black) and quasar power-law continuum (solid black). The normalized SDSS, UKIDSS, and WISE filter response curves are shown in grey.
When fitting the model to the observed photometric colours of individual objects, the only free parameters control the amount of extinction, and the hot dust
blackbody parameters.

correction and the possibility that it should perhaps be changing
as a function of C IV blueshift.

3 ME T H O D

3.1 Parametric model

We use a parametric SED model to describe quasar emission in
the 1200 Å to 3μm rest-frame wavelength range. This model will
be presented in Temple et al. (in preparation), where we will set
out to reproduce the colours of SDSS DR16 quasars across a wide
range of luminosities and redshifts. For the purposes of this work,
we have adopted model parameters which best describe the median
ugrizYJHKW12 colours of a subset of DR14 quasars, where the
subset was chosen to match the luminosities of the objects considered
in this work. The model is built using a broken power law with
slopes fλ ∝ λ−1.52 and fλ ∝ λ−1.84 for λ < 2820 and λ > 2820 Å,
respectively. Emission lines are included using templates derived
from the composite spectra presented in Francis et al. (1991) and
Glikman, Helfand & White (2006), with the power-law slopes and
the strength of the emission lines chosen to match the median DR14
colours. The near-infrared component is modelled by a blackbody
where the temperature and normalization are both free to vary.The
quasar SED model is very similar to that used by Maddox et al.
(2008, 2012), and an example SED is shown in Fig. 1.

The total model can be reddened using a quasar extinction curve
with the E(B − V) as a free parameter. The extinction curve is the
same as used in Temple et al. (2019) and Wethers et al. (2018).
However, we do not interpret the modest range of derived E(B − V)
values as primarily resulting from dust reddening; rather it introduces
flexibility to allow the model to account for slight variations in the
quasar continuum slope. We, thus, allow the E(B − V) to take negative
values to account for objects which have bluer continua than average.

For this work, the model can be thought of as a function which
takes four parameters (redshift, E(B − V), blackbody temperature and
blackbody strength) as inputs and returns predicted colours for any
given combination of photometric filters. Every object considered
in this work is a spectroscopically confirmed quasar and we fix the
redshift for each object using the spectroscopic redshifts described
in Section 2.2.2.

We note that the �1μm inflexion point in the quasar SED is
sensitive to photospheric stellar emission from the host galaxy. In
particular, objects with an excess of host galaxy emission which
is otherwise unaccounted for will require a progressively hotter
blackbody to adequately account for the shape of the observed SED
at wavelengths ≥ 1μm. However, due to the limited number of
photometric data points which we have available to use in the rest-
frame near-infrared, the strength of the host galaxy emission and the
temperature of the hot dust component are somewhat degenerate. We
therefore chose not to include a host galaxy component in the model
SED, but instead mitigate against this uncertainty by restricting our
sample to objects which are classed as point sources in all UKIDSS
bands, and impose additional flux limits to exclude fainter objects
which are more likely to have a significant contribution from starlight.
We show in Appendix C that our results remain unchanged when
including a component in our model to account for starlight from the
host galaxy.

3.2 Fitting routine

For a given redshift, E(B − V), blackbody temperature and blackbody
strength, we generate a model SED. We multiply that SED by the
grizYJHKW12 filter response curves to obtain synthetic photometric
colours. These are fit to the observed colours using a Nelder–Mead
algorithm. A floor of 0.05 mag is imposed on the photometric uncer-
tainties, corresponding to a minimum flux uncertainty of 5 per cent.
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Figure 2. The distribution of blackbody temperatures in our sample of 1.2
< z < 1.5, Y < 18.1 quasars. We find that the high-frequency cutoff to the
infrared emission (i.e. the 1–3μm region) can be well described by a 1280 K
blackbody.

A simpler approach would be to treat each photometric passband
as a monochromatic data point and fit a combination of power laws
to those data points (e.g. Wang et al. 2013). However, as the redshift
of the source increases, the slope of the observed SED at �2–4μm
will change as the inflexion point moves to longer observed-frame
wavelengths. The change in SED slope leads to a change in the
effective wavelength of each passband λeff, and thus an additional
uncertainty in the parameters of the best-fitting model. The benefit
of our approach therefore is that it avoids introducing additional
redshift-dependant scatter in the measurement of the strength of the
hot dust emission.

The strongest emission line in the wavelength range of the type-
1 quasars we consider is H α, variation of which can change the
total flux in an observed passband by up to �0.2 mag. We therefore
exclude any band which includes H α line at the redshift of a quasar.
In practice this means that, for objects at redshift 1.2 < z < 2.0, we
exclude the J − H and H − K colours and instead include the J − K
colour when fitting our model to the data. All other optical and near-
infrared emission lines have much smaller equivalent widths and the
flux in all the other filters is dominated by continuum emission.

3.3 Blackbody temperature

We begin by exploring the range of best-fitting blackbody tempera-
tures in objects with redshifts 1.2 < z < 1.5. This redshift range is
chosen such that both the WISE W1 and W2 bands are probing the
rest-frame 1–3μm portion of the SED. Two independent photometry
points in this wavelength range allow us to fit for both the blackbody
temperature and normalization simultaneously in individual objects.

For this test, we keep only objects with Y < 18.1 which are
classed as high confidence point sources in all four UKIDSS bands
(i.e. MERGEDCLASS == –1) to avoid objects which are contami-
nated by host-galaxy emission (see Section 3.1 and Appendix C). We
require a detection in all of the grizYJKW12 bands, giving a sample
of 1213 quasars.

We fit our model to each of these 1213 individual objects with three
free parameters: the E(B − V), the blackbody temperature, and the
blackbody strength. The distribution of best-fitting blackbody tem-
peratures is shown in Fig. 2. We find that the blackbody temperatures
are evenly distributed around the median value of 1280 K.

We then repeat our fitting routine for the same sample, but this
time fixing the blackbody temperature to be T = 1280 K. We find
that fixing the blackbody temperature reduces the number of objects
where the model might be overfitting the data, while not increasing
the number of objects with poor fits: For example, the number of
quasars for which the χ2 value per degree of freedom lies in the
range 0.4–3.0 increases from 1098 to 1123 when fitting this simpler
model.

We therefore proceed in the knowledge that the excess rest-
frame 1–3μm emission in our sample of quasars can be adequately
described using a fixed temperature T = 1280 K blackbody in our
SED model, consistent with emission from dust at its sublimation
temperature (e.g. Barvainis 1987). However, we ascribe no further
significance to the exact value of this temperature, noting instead
that it is merely the temperature describing the blackbody which best
describes the infrared colours of the quasars, and not necessarily
the exact physical temperature of the emitting dust. In particular,
we note that this temperature is degenerate with the slope of the
power-law continuum (−1.84) which we assume in our model, and
a different continuum slope would lead to a slightly different hot
dust temperature. Our subsequent results would be qualitatively
unchanged.

3.4 Primary sample

Fixing the blackbody temperature allows us to fit our model to higher
redshift objects, where we no longer have two independent data
points probing the hottest dust emission.

For what we hereafter refer to as our ‘primary’ sample, we take
all quasars in the redshift range 1.2 < z < 2.0 (see Appendix D
for a discussion of the limitations of higher redshift objects). For
our primary sample, the W2 band probes rest-frame wavelengths
≈2μm where the hot dust blackbody is expected to be the dominant
contributor to the total flux.

We require detections in all of the JKW12 bands. To avoid biases
against hot-dust-faint objects which might drop out of one or more
of these bands we restrict our primary sample to Y < 19.3, where
the sample is better than 95 per cent complete in all UKIDSS bands,
giving a total of 12 294 objects. We have verified that restricting our
sample to a brighter flux limit does not change any of the subsequent
results. When constructing the sample, only 243 objects are lost due
to missing unWISE data, meaning our primary sample is more than
98 per cent complete in W1 and W2. Some of these objects will be
missed due to crowded fields as the WISE point spread function is
significantly broader than that of SDSS. However, we cannot rule
out the possibility that a small fraction of objects are lost due to
intrinsically faint fluxes in the rest-frame near-infrared.

We fit our primary sample with two free parameters in the model,
fixing Tblackbody = 1280 K and allowing just the E(B − V) and
normalization of the hot dust component to vary. The median χ2 per
degree of freedom when fitting our model to this sample is 1.30. We
show in Appendix E that our subsequent results remain unchanged
when instead using a hotter or cooler blackbody in our model quasar
SED. 5022 objects from our primary sample with z > 1.56 also have
C IV line information from Rankine et al. (2020). As the sample is
restricted to z < 2.0, Mg II emission is present in the SDSS spectra
to enable black hole mass and Eddington ratio estimation.

4 R ESULTS

We quantify our results using the ratio of the luminosities at
2μm of the hot dust blackbody and extended UV-optical power-
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Figure 3. Results of fitting our model to the 5022 quasars from the primary
sample with spectral coverage of C IV. The bottom left-hand panel shows the
distribution of our sample in the plane of C IV blueshift and hot dust strength,
with points representing individual objects and darker shades representing
regions of higher point density. The contours enclose 86, 68, 39, and 12 per
cent of the sample, respectively. The normalized 1-D distributions of each
parameter are shown in the top left-hand and bottom right-hand panels.
Objects with stronger C IV outflow signatures tend to have stronger hot dust
emission.

law continuum in the best-fitting model SED for each quasar
(L2μm,HD/L2μm,QSO). This ratio is effectively a measurement of
the covering factor of the sublimation temperature dust around the
UV continuum source. Fitting our model to the primary sample as
described above, L2μm,HD/L2μm,QSO takes values between 0 and ≈6,
with a median value of 2.5.

We note that L2μm,HD/L2μm,QSO = 2.5 corresponds to
log(L2.3μm/L5100 Å ) = −0.0064 for a typical UV continuum slope
[i.e. E(B − V) = 0.0], consistent with the L2.3μm − L5100 Å relation
quoted by Jun & Im (2013), which was derived over a much larger
redshift interval than the range considered in this work. For com-
parison, the ‘hot dust poor’ criterion of log(L2.3μm/L5100 Å ) < −0.5
used by Jun & Im (2013) is equivalent to L2μm,HD/L2μm,QSO � 0.15
in our formalism, with a slight dependence on the UV continuum-
slope. We find that ≈0.1 per cent of our primary sample satisfy
this criterion. However, the number of objects which will scatter to
extreme values of the inferred hot dust strength depends strongly on
the fractional uncertainties on the photometry (see Appendices B and
D), and a direct comparison with the ‘hot dust poor’ fraction of Jun
& Im (2013) is not appropriate.

4.1 Trends with emission line outflow properties

In Fig. 3, we show the strength of hot dust emission as a function
of the blueshift of the median flux in the C IV emission line relative
to the systemic frame. There is a clear trend: quasars with stronger
emission from outflowing ionized gas also show stronger emission
from the hottest temperature dust, when compared to their UV–
optical continuum luminosity, consistent with the results of Wang
et al. (2013).

For objects with C IV blueshift less than 200 km s−1, the me-
dian L2μm,HD/L2μm,QSO in our primary sample is 1.75, while for
those with C IV blueshift greater than 2000 km s−1, the median
L2μm,HD/L2μm,QSO is 3.09. However, objects with fainter observed
magnitudes will have larger photometric uncertainties, with the
noisier photometry leading to increased uncertainty in our mea-
surement of the hot dust luminosity. We would therefore expect
the scatter in Fig. 3 to reduce if we restrict our sample to brighter
objects. Taking only the objects with Y < 18.3, we find the median
L2μm,HD/L2μm,QSO for objects with C IV blueshift <200 km s−1

decreases to 1.50, while the median L2μm,HD/L2μm,QSO for objects
with C IV blueshift > 2000 km s−1 increases to 3.14.

The covering fraction of hot dust around the continuum source in
our sample of quasars is therefore increasing, on average, by a factor
of at least 2 as we go from objects with C IV emission predominantly
at the systemic redshift to objects where the kinematics of the C IV

emission are dominated by outflowing gas. The presence of a strong
nuclear outflow, such as described by a disc-driven wind, must
therefore correlate with significant changes in either the geometry or
extent (or both) of the hot dust emitting surface.

4.2 Luminosity and Eddington fraction

It is known that the C IV emission line properties are correlated with
other intrinsic quasar properties (Richards et al. 2011; Rankine et al.
2020), with stronger outflow signatures seen in objects which are
generally brighter and have a higher Eddington ratio. We therefore
need to determine whether the variation in the hot dust emission
observed in Fig. 3 is primarily driven by changes in the outflow
properties of the broad line region, or whether it is instead a by-
product of a more fundamental correlation.

In Fig. 4, we show the median L2μm,HD/L2μm,QSO in bins of lu-
minosity, Eddington ratio, and C IV blueshift. We recover the known
relationship between C IV blueshift and L/LEdd, in that only objects
with larger Eddington fractions are observed to have the strongest
emission-line outflow signatures. However, when controlling for the
observed outflow properties, i.e. taking fixed values of C IV blueshift,
we do not see any trend in the hot dust emission strength as a function
of either the Eddington ratio or the UV-continuum luminosity. There
is no correlation between L2μm,HD/L2μm,QSO and the black-hole
mass estimated from Mg II. In other words, the correlation between
the strength of the hot dust emission and the blueshift of the C IV

emission line is not a secondary effect driven by the black hole mass,
continuum luminosity, or Eddington ratio.

The relationship between hot dust strength, C IV blueshift, and
Eddington ratio shown in the bottom panel of Fig. 4 naturally
accounts for the varying strength of the correlations detected by
Wang et al. (2013): If we were to bin our sample by Eddington
fraction, then subsamples with larger L/LEdd would have an increasing
dynamic range in C IV blueshift and so would display a stronger
correlation between the C IV blueshift and the strength of hot dust
emission.

4.3 Broad absorption line quasars

Using the spectral reconstructions presented in Rankine et al. (2020),
we can infer unabsorbed C IV emission-line properties for those
quasars which show high-ionization broad absorption features in
their raw spectra (‘HiBAL’ quasars). For a given C IV blueshift and
equivalent width, we find no significant difference in the hot dust
emission strengths in HiBAL and non-BAL quasars, as shown in
Fig. 5.
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Figure 4. The median hot dust strength in binned regions of parameter
space. Only bins with five or more objects are plotted. At fixed values of
C IV blueshift, the relative strength of hot dust emission is not dependant on
either the UV-continuum luminosity or the Eddington ratio, although objects
with stronger C IV outflow signatures and hence stronger hot dust emission
are only found at L/LEdd � 0.2.

We note that quasars which show larger C IV emission-line
blueshifts also show faster and stronger broad absorption troughs
(Rankine et al. 2020). We have shown above that the strength of
hot-dust emission is correlated with the C IV blueshift, and therefore
expect quasars with the most extreme broad-absorption features to
also show stronger hot-dust emission, consistent with the results of
Zhang et al. (2014).

5 D ISCUSSION

In the previous section, we showed that the strength of the hot-dust
emission in type-1 quasars strongly correlates with the blueshift of
the C IV emission line. Moreover, when holding the C IV blueshift
constant, the hot dust emission does not correlate with 3000 Å
luminosity, black hole mass, or the inferred Eddington ratio.

If we assume that the hottest dust emission is coming from material
located at the dust sublimation radius, such that it forms a surface
(or thin ‘zone’) with only cooler dust components emitting from
behind, then the variation in hot dust emission strength could be
ascribed to one of two factors. The total amount of sublimation-
temperature dust could be changing, either through an increase in the
sublimation radius itself, or through an increase in the dust covering
fraction of the sublimation-temperature isotherm. Alternatively, if the
sublimation-temperature dust is forming an optically thick surface,
then the change in hot dust strength which we observe could be due

Figure 5. Comparison of the hot dust emission in quasars which show high
ionization broad absorption lines (top) and those which don’t (bottom). Only
bins with five or more objects are plotted. For a given C IV blueshift and line
equivalent width, significant differences in the median strength of hot dust
emission are not seen.

to a change in opening angle such that more of the hot dust emitting
surface is projected on to the plane of the sky of the observer.

5.1 ‘Failed wind’ models of the broad line region

One theory for the origin of the BLR which has gained popularity is
that of a ‘failed wind’, where the BLR gas at the systemic redshift
is gas which has failed to reach escape velocity and form a wind,
and has instead fallen back to the disc (Czerny & Hryniewicz 2011;
Czerny et al. 2017; Baskin & Laor 2018). The failed wind model is
consistent with the first-order behaviour of the broad emission lines,
where the equivalent width of lines such as C IV, C III], Lyman α,
and indeed the Balmer lines, is observed to anticorrelate with the
blueshift of the C IV line.

However, as discussed by Giustini & Proga (2019), a more nuanced
version of this picture exists, in which the high- and low- ionization
parts of the BLR arise in different locations: the high-ionization lines
(such as C IV) arise closer in and form from a failed line-driven wind,
whereas the low-ionization lines (such as Mg II) form further out from
a failed wind which would otherwise be driven by radiation pressure
on dusty grains. This model of failed winds with multiple driving
mechanisms is consistent with the picture of the BLR derived from
RM, which has a stratified velocity structure where high-ionization
lines respond to the continuum on shorter time-scales than low-
ionization lines.

On first sight, our results would appear to be in slight tension with
this model: one natural explanation for the correlation we observe
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Figure 6. Composite spectra for objects with extremely strong (weak) hot dust emission, plotted in orange (blue). Each composite contains 84 objects, and the
mean accretion rate in both composites is L/LEdd = 0.26. The rest-frame wavelength of the C IV emission line is marked in solid grey. Quasars with stronger hot
dust emission tend to have stronger emission in the blue wing of the C IV line and weaker emission at the systemic wavelength, combining to give an asymmetric
and blueshifted line profile indicative of outflowing gas. Such objects tend to have a bluer UV continuum, suggesting that the hot dust is not obscuring the
central source. The quasars with weaker hot dust emission have stronger emission from other broad lines such as He II λ1640 and C III] λ1909, consistent with a
scenario in which part of the BLR is produced from gas which fails to form an outflowing wind.

between the hot dust emission and the C IV blueshift would be if the
hot dust is itself providing the opacity to accelerate the outflow off
the disc which we then observe in the ionized gas kinematics. On
the other hand, however, the outflow is formed, even if MHD driven
(Murray et al. 1995; Elitzur & Shlosman 2006), we would still expect
dust to form inside the wind (Sarangi, Dwek & Kazanas 2019). Thus,
however the wind(s) are driven, there are perhaps good theoretical
reasons to expect that they may correlate with dust emission. The
fact that we observe this dust to be near the sublimation temperature
therefore suggests that, if it is not already present and providing the
opacity to drive the outflow through radiation pressure, the dust in
the wind must be re-forming at (or near) a height above the disc
corresponding to the limit of the dust sublimation region.

5.2 UV continuum slope

In Fig. 6, we show stacked spectra in bins of hot dust strength. The
two bins have been chosen to be matched in Eddington fraction:
each quasar contributing to the composites has −1.0 < log(L/LEdd)
< −0.2 and the average accretion rate in each composite is L/LEdd =
0.26. Each bin contains 84 objects.

We can see that quasars with stronger hot dust emission tend to
have slightly bluer UV continua on average, consistent with their ob-
served photometry: quasars with L2μm,HD/L2μm,QSO � 1 have a me-
dian colour g − K = 2.32, while quasars with L2μm,HD/L2μm,QSO �
4 have a median colour g − K = 1.98. Equivalently, our best-fitting
SED models (Section 3.1) have average E(B − V)s of 0.020 and
−0.017, respectively. We would expect any dust obscuration to

redden the continuum, and so the fact that quasars with stronger
hot dust emission are observed to have slightly bluer UV–optical
continua suggests that the emitting hot dust does not intersect the
line of sight to the accretion disc. This finding is consistent with the
results of Kim & Im (2018), who find that the hot dust emission is
not significantly stronger in dust-reddened quasars [with E(B − V)
≈ 1] when compared to their unobscured counterparts.

The correlation between SED slope and hot dust strength is
consistent with known trends with the C IV line, where objects
with larger emission line blueshifts tend to have bluer UV continua
(Richards et al. 2011; Rankine et al. 2020). We can also see from
Fig. 6 that the objects with stronger hot dust emission also have
stronger Al III λ1860 and Fe III λ2075, consistent with the results of
Temple et al. (2020) which showed that quasars with stronger C IV

outflow signatures show stronger emission from dense gas close-in
to the central ionizing source.

5.3 Bolometric corrections and EUV flux

Estimating an Eddington fraction requires knowledge of the bolo-
metric luminosity of the quasar, and we have shown that some
quasars show significantly more emission in the near-infrared than
others of the same 3000 Å luminosity. It is true that objects with a
larger L2μm,HD/L2μm,QSO for a given 3000 Å luminosity will have a
larger contribution to their bolometric luminosity (and thus their
Eddington fraction) from the rest-frame near-infrared. However,
a larger uncertainty in the inference of a bolometric luminosity
arises from the ‘unseen’ extreme ultraviolet (EUV) continuum (e.g.

MNRAS 501, 3061–3073 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/2/3061/6034000 by guest on 23 April 2024



Hot dust and quasar outflows 3069

Krawczyk et al. 2013). There are also inherent uncertainties in
the estimation of black hole masses of order 0.5 dex, and so the
uncertainty in L/LEdd in Fig. 4 arising from the variation in the
strength of the hot dust emission is sub-dominant compared to other
uncertainties in that measurement.

Indeed, it has been suggested that the ratio of EUV flux to optical
flux varies as a function of Eddington fraction, with higher accretion
rate AGN having stronger EUV emission by factors of at least a
few (e.g. Jin, Ward & Done 2012). If this change in EUV flux
is responsible for driving the outflows inferred from the C IV line
profiles, then it is possible that the relative strength of the EUV
flux might be responsible for the correlation between C IV blueshift
and hot dust emission reported in this work. Increasing the amount of
EUV flux (at fixed L3000) would increase the amount of energy which
is available to heat the dust and therefore increase the strength of hot
dust emission which we measure relative to the optical continuum.
The relative weakness of He II emission seen in Fig. 6, despite the
hypothesized increase in EUV flux, could then be explained via a
decreasing covering fraction of line-emitting clouds with increasing
Eddington fraction, as discussed by Ferland et al. (2020). In this
scenario, the assumption of a constant bolometric correction which
we have made throughout this work would clearly be wrong, and the
Eddington fractions which we have inferred would be biased high in
low-blueshift objects and biased low in high-blueshift objects.

5.4 Comparison with Jiang et al. (2010)

Jiang et al. (2010) reported the discovery of two quasars (from a
sample of 21) at redshift z > 6 with very weak hot dust emission
and suggested that these were ‘first-generation quasars born in dust-
free environments’ in the early universe, i.e. quasars which were
too young to have been able to form dust around them, or at least
enough dust to be detected in the rest-frame near-infrared. We note
that these two quasars, J0005-0006 and J0303-0019, both show very
narrow, symmetric C IV emission line profiles, as can be seen from
their spectra (Kurk et al. 2007, 2009). In our parametrization, these
two objects would lie in the bottom left-hand corner of Fig. 3, and we
believe that these two quasars are consistent with the trend between
the hot dust emission and the emission line properties which we have
identified at z ≤ 2. Our results would therefore imply that the unusual
infrared properties of these z > 6 objects are driven by the shape of
their ionizing SEDs, or whatever else is responsible for their (lack
of) BLR outflows, and not by the dust content of their environments.

5.5 Hot dust reverberation

RM experiments have found that the time lag in the response of the
hot dust emission to variations in the optical continuum (τ ) is well
enough correlated with the AGN luminosity to lead to the idea of
using the hot dust reverberation in AGN as a standardizable candle
which could be used to test and constrain cosmological models (e.g.
Hönig 2014; Hönig et al. 2017).

The results of this paper show that there are systematic changes in
either the geometry or extent (or both) of the sublimation-temperature
dust in luminous quasars as a function of their ionized gas outflow
properties. If the variable component of the hot dust emission is
the same as the ‘static’ emission quantified in this work, then these
changes could potentially introduce a C IV-blueshift dependant bias
into the lag–luminosity relation which is used to estimate the intrinsic
brightness of the AGN. However, theoretical work has shown that
the infrared response function is not very sensitive to the exact
distribution of the reverberating dust (Almeyda et al. 2020). RM

experiments to date have found a small scatter in the lag–luminosity
relation, which does not appear to increase with Eddington ratio
(Yang et al. 2020, fig. 10), suggesting that any outflow-dependant
changes in the hot dust reverberation properties are small compared
to other sources of scatter in the τ−L relation. While there is therefore
no direct evidence that the τ−L relation is affected by any outflow
properties, we note that the majority of hot dust RM experiments
have so far been conducted on local Seyfert galaxies with L/LEdd <

0.3 (Suganuma et al. 2006; Koshida et al. 2014), where we do not
expect to see large C IV blueshifts.

5.6 Far-infrared properties

Debate has raged over the origin of the FIR emission in luminous
AGN. As the emission from the toriodal obscuring structure is
insufficient to account for the observed FIR flux, it is usually
argued that the FIR emission is predominantly due to dust heated
by young stars and supernovae, and thus used as an indicator of the
star formation rate (e.g. Harris et al. 2016 and references therein).
However, such arguments are based on the assumption that all
quasars have the same SED, which is not true (e.g. Krawczyk et al.
2013). The question then arises as to whether or not the diversity of
AGN SEDs could encompass variation in the longer wavelength FIR
emission, especially in objects with evidence for AGN-driven winds.
For example, Symeonidis (2017) argued that the FIR emission in z ≈
2 quasars is instead due to dust on kilo-parsec scales which is being
heated by the AGN.

We note that any AGN-driven winds are likely to correlated across
many scales. For example, Coatman et al. (2019) found that the
C IV blueshift is correlated with the outflow signature in the [O III]
λ5008 emission line, which is believed to trace ionized gas on larger,
possibly galaxy-wide scales. To simplify the following qualitative
discussion, we therefore do not distinguish between AGN-driven
outflows on different scales, but instead consider a toy model where
objects either do or do not show evidence for what we hereafter refer
to as ‘winds’.

Within this model, quasars at z ≈ 2 which are actively driving
winds are expected to show larger C IV blueshifts in their spectra.
Maddox et al. (2017) showed that the individual FIR detection rate
of such quasars is higher than would be expected for their optical
luminosities. More specifically, objects which are detected in the
Herschel-ATLAS survey at 100–500μm are disproportionately more
likely to show large C IV blueshifts. Equivalently, quasars with large
C IV blueshifts have weaker C IV equivalent widths and Harris et al.
(2016) showed that these objects have stronger Herschel emission
when stacking optically selected objects in order to quantify the FIR
emission below the individual-object detection limit.

More recently, Baron & Netzer (2019) have shown that type 2
AGN at z ≈ 0.1 with outflow signatures in [O III] show an excess
of emission in the mid-infrared (3μm < λ < 20μm). Together with
the results in this work, that objects with stronger winds have brighter
near-infrared emission, a picture is therefore emerging where objects
with stronger winds show stronger emission from dust across a
wide range of temperatures. However, while previous works have
attributed the brighter FIR emission in objects with stronger winds
to increased rates of star formation, the stronger emission from hot,
near-sublimation temperature dust which we report in this work
cannot be ascribed to dust which is being heated by young stars.
The evidence we have presented that quasar-driven outflows are
affecting the emission from AGN-heated dust structures therefore
provides support for the idea that the increased FIR emission in

MNRAS 501, 3061–3073 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/501/2/3061/6034000 by guest on 23 April 2024



3070 M. J. Temple et al.

windy quasars has a significant component due to AGN-heated dust
and is not solely due to increased rates of star formation.

This scenario is also consistent with the results of Leipski et al.
(2014) who showed that FIR-bright quasars have weaker H α and
Ly α emission, and that objects with FIR detections are preferentially
brighter in the rest-frame near-infrared. In the models discussed in
Section 5.1, quasars which fail to drive strong winds have larger
amounts of gas falling back to form the BLR and hence emit stronger
broad lines. These objects are also less likely to drive galaxy-scale
outflows which in turn removes a source of AGN-heated dust and
they, thus, possess fainter FIR emission.

We note in passing that, whatever is driving the variation in the
FIR emission, the fact that the FIR emission correlates with the C IV

blueshift means that FIR-selected samples are potentially biased in
ways which are not well understood. In particular, we have shown
that the hot dust strength is also correlated with the C IV blueshift,
and thus care must be taken when reporting hot dust properties of
samples which are selected using their FIR emission properties. For
example, the ‘Hot Dust Poor’ fraction, i.e. the percentage of the
population which are underluminous in the near-infrared (e.g. Hao
et al. 2010, 2011), could be biased in samples which are selected
using their FIR properties.

6 SU M M A RY

Using photometric data from SDSS, UKIDSS-LAS, and unWISE, we
have investigated the properties of the hot dust emission in luminous
type 1 quasars across the redshift range 1.2 < z < 2.0. We find
that the 1–3μm excess in quasars can be well described by a single
temperature blackbody, consistent with emission from sublimation
temperature dust. We quantify the strength of the hot dust emission
as the normalization of this blackbody relative to the UV–optical
power-law continuum at 2μm. Our main results are as follows:

(i) The strength of the hot dust emission correlates with the
strength of the blueshift of the C IV emission line, in agreement
with Wang et al. (2013). In a disc-wind model, this correlation
suggests that objects with more wind-dominated emission have a
larger surface of sublimation-temperature dust visible to the observer.

(ii) When controlling for the emission line properties and assum-
ing a constant bolometric correction, the strength of the hot dust
emission does not vary with UV luminosity, black hole mass, or
Eddington fraction. In the picture presented by Giustini & Proga
(2019), this would imply that the main driver of the wind, whether
increased MBH at lower L/LEdd, or increased L/LEdd at lower MBH,
does not affect the emission from hot dust.

(iii) Stacking the rest-frame UV spectra of these quasars, we find
there is a small but significant change in the average slope of the
UV continuum with varying hot dust emission strength: objects with
stronger hot dust emission tend to have bluer continua. The parity of
this change in slope suggests that the sublimation-temperature dust
is not located along the line of sight towards the source of the UV
continuum, and is consistent with previously reported correlations
between the quasar SED and the quasar emission-line properties.

(iv) There appears to be no difference in the hot dust properties of
BAL and non-BAL quasars at given C IV line properties, consistent
with the result found by Rankine et al. (2020) that BALs and non-
BALs are drawn from the same parent population.

Outflows off the accretion disc could be driven by radiation
pressure on dusty gas, or by other mechanisms, and our results are
not able to rule out any specific mechanism. However the winds are
formed, they do correlate with the properties of the hottest emitting

dust. Dust of this temperature cannot be heated by star formation,
and our results therefore provide evidence of a physical link between
the properties of the BLR and properties of the dust emitting regions.
Moreover, this link calls into question the common assumption that
the FIR emission in quasars is due to star formation alone and not
due to dust which has been heated by the AGN.
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APPENDI X A : SDSS SELECTI ON EFFECTS

The ‘core’ eBOSS quasar sample (Myers et al. 2015) makes up a
significant fraction of the SDSS-IV quasar population and thus the
SDSS DR14 quasar catalogue. This sample was, in part, selected
using an optical–infrared colour cut, meaning that ‘core’ eBOSS
quasars have a force-photometered weighted-average flux in WISE
W1 and W2 above some threshold relative to the optical fluxes from
the Sloan imaging data, which potentially biases our sample against
quasars with weaker hot dust emission.
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Figure B1. Comparison of the strength of hot dust in the primary sample
when using AllWISE W1 and W2 (top panels) instead of unWISE data (bottom
panels). On the left-hand panels is the distribution of L2μm,HD/L2μm,QSO

as a function of C IV blueshift and on the right-hand panels is the normalized
1-D distribution. Using the deeper photometric data from unWISE leads to a
reduction in the scatter in best-fitting model parameters.

To test the effect of this selection criterion on our results, we
exclude objects with the EBOSS TARGET1 selection flag solely set
to QSO1 EBOSS CORE (i.e. EBOSS TARGET1 == 2∗∗10). This
cut reduces our sample to the SDSS DR9 (Ross et al. 2012), which
predates WISE, while still keeping all objects from SDSS-IV which
were targeted through other programs. The total size of the DR14
quasar catalogue is reduced from 526 356 to 442 231 objects using
this criterion.

Restricting EBOSS TARGET1 != 2∗∗10 cuts our primary sample
from 5022 to 4635 objects. The results and conclusions of the paper
remain unchanged.

APPENDIX B: C OMPARING UNWISE AND
ALLW ISE

In Fig. B1, we compare the effect of using AllWISE W1 and W2
photometry in place of unWISE when fitting to our primary sample.

For AllWISE, we use only data points where the signal-to-noise
ratio (S/N) is greater than 2 and the contamination and confusion flags
are set to zero in all bands, indicating that the source is not affected by
any known image artifacts. As with unWISE, the AllWISE catalogue
is matched to SDSS using a 3.0 arcsec matching radius and we keep
only sources with unique matches within that radius. The number of
DR14 quasars we match to AllWISE is 397 873, slightly less than
given by Pâris et al. (2018) because of the more stringent quality cuts
we have imposed on the data.

The unWISE catalogue presented by Schlafly et al. (2019) has
≈0.7 magnitudes deeper coverage in W1 and W2 compared to
AllWISE, corresponding to additional data from the reactivation of
NEOWISE. The vast majority of our primary sample are detected
in both catalogues, but the additional depth of unWISE corresponds
to reduced uncertainty in the W1 and W2 photometry, which leads

to a noticeable reduction in the scatter of the normalization of the
best-fitting hot dust blackbody.

While all the results hold true whether AllWISE or unWISE is
used, we have chosen to use unWISE data where possible to improve
the detectability of trends in our results. AllWISE has only been
used for W3 data when fitting to our ‘higher redshift’ sample in
Appendix D.

APPENDI X C : HOST G ALAXY FLUX

The emission from the rest-frame 1–3μm portion of the galaxy SED
is largely dominated by flux from older, cooler stellar populations,
and hence, it is extremely unlikely the emission is correlated with the
AGN outflow properties when the quasar duty cycle is much shorter
(∼106 yr) than the age of these stars. Moreover, the flux λFλ from
starlight is reasonably flat across the �0.7–2μm portion of the SED,
irrespective of the galaxy type (e.g. Rowan-Robinson et al. 2008),
and it is very hard to explain the variation in the strength of the
1–3μm excess observed in luminous quasars as due to any variation
in the host galaxy. In other words, the changes in the slopes of
the optical and near-infrared parts of the total SED are very different
when varying the strength of the hot dust emission compared to those
arising from a variable fractional host galaxy contribution, as shown
by the ‘mixing diagrams’ of Hao et al. (2013). We are therefore
confident in interpreting the variation in the 1–3μm emission as
arising from the sublimation-temperature dust around the AGN.

However, while we take steps to mitigate against the contamination
of the rest-frame 0.7–3μm region by starlight from the host galaxy
(i.e. requiring point-source detections in all UKIDSS bands), the
possibility remains that the strength of hot dust emission is affected
by some relatively small amount of flux from the host galaxy. We have
therefore re-run our fitting routine, including an Sb galaxy template
from the SWIRE library (Rowan-Robinson et al. 2008) in our SED
model with a fixed normalization such that the integrated galaxy
flux in the wavelength interval 4000–5000 Å is 10 per cent of the
integrated quasar flux across the same interval. For a model with an
average amount of hot dust emission, this normalization corresponds
to a flux at 1μm from starlight 0.5 times that of the flux due to the
quasar.

The exact shape of the host galaxy SED does not matter; the
desired effect is to add flux to the 1μm inflexion-point of the total
quasar SED. For the range of quasar extinctions in our sample of
SDSS objects (i.e. E(B − V) � 0.2), our prescription is such that the
starlight component has a negligible effect on the bluer parts of the
total SED.

Including this additional galaxy-component in our model, we find
that the median blackbody temperature (Section 3.3) decreases from
1280 to 1190 K, and adopt this temperature as a fixed parameter
in the same way as described in the main text. The inclusion of
the galaxy template has the effect of flattening the 1μm inflexion
point in the total model SED for any given strength of hot dust
emission. Combined with the difference in shape of the slightly
cooler blackbody, this results in an increase in the normalization at
2μm of the best-fitting hot dust by a constant factor of about 50 per
cent. The results and conclusions of the paper remain unchanged.

APPENDI X D : R EDSHI FT EVO LUTI ON

To investigate the hot dust properties in the quasar population at
higher redshifts, it is necessary to make use of data at longer observed
wavelengths. We have experimented with using the AllWISE W3
band to constrain the properties of the hot dust emission. However,
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W3 is a much broader band than either W1 or W2 (see Fig. 1)
limiting us to a narrow redshift range where W3 is not covering
any wavelengths longer than 3μm in the rest frame, while also not
covering any wavelengths shorter than 1μm.

We take all objects with 2.75 < z < 3.25 and rizYJHKW123 data.
We exclude g due to Lyman suppression in the IGM at these redshifts.
AllWISE W3 is not as deep as the shorter wavelength bands and a
brighter flux limit of Y < 18.3 is necessary to ensure the sample is
more than 95 per cent complete in W3. The selection gives a total
of 701 objects, where we use unWISE as the source of W1 and W2
data. Allowing the blackbody temperature to vary in the same way
as described in Section 3.3 also gives a median Tblackbody of 1280 K
for this higher redshift sample, and we fit our model using the same
parameters as for the primary sample.

We find that the median strength of hot dust emission
L2μm,HD/L2μm,QSO in this higher redshift sample is 2.53, very similar
to that of the primary sample. The strength of the hot dust emission
in our z � 3 sample also shows a significant correlation with the
blueshift of the C IV emission line. However, the difference in filter
response curves between W2 and W3, coupled with the different noise
properties of each photometric band, combine to give a significant
difference in the scatter around the intrinsic hot dust strength. For
example, a one-sigma change in the W2 measurement for a z = 2
object will have a different effect on the best-fitting hot dust strength
than that resulting from a one-sigma change in the W3 measurement
for a z = 3 object. For this reason, while the average amount of
hot dust in our z � 3 sample appears to be the same as in the
primary sample, a detailed comparison of the distribution of hot dust
properties within each redshift bin is not appropriate.

APPENDIX E: BLACKBODY TEMPERATURE

The effect of changing the temperature of the blackbody used to
model the hot dust emission is shown in Fig. E1. Using 1180 or
1380 K instead of our adopted 1280 K as the temperature of the
blackbody in our SED model results in an increase in the median χ2

per degree of freedom from 1.30 to 1.33 in each case, but ourresults

are not sensitive to the exact temperature adopted. In short, if we
were to adopt a different temperature blackbody to describe the near-
infrared rest-frame emission in our model SED, the conclusions of
the paper would remain unchanged.

Figure E1. Comparison of the strengths of hot dust in the best-fitting models
when using a blackbody temperature of 1180 K (top panels) or 1380 K (bottom
panels). On the left-hand panels is the distribution of L2μm,HD/L2μm,QSO as
a function of C IV blueshift, and on the right-hand panels is the normalized
1-D distribution. Our results (cf. our adopted 1280 K model in Fig. 3) are not
sensitive to the exact form of the blackbody that we use to model the SED.
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